Relativistic effects prove to be important in assigning these ultraviolet photoelectron spectra.
Introduction
The Co(CO)4 and Mn(CO)5 derivatives of Zn, Cd and Hg have been known for many years [1] , In the past there has been considerable interest in these two series of Group II B transition metal carbonyl complexes.
For the mercury compound, Hg[Co(CO)4]2, first synthesized by Hieber [2] in 1942, many alternative syntheses [3] [4] [5] [6] have been described. Since the report bj 7 Schrauzer et al. [7] , concerning the use of Zn[Co(CO) 4 ]2 and related compounds as catalysts in a stereospecific dimerization of bicyclo[2.2.1]-heptadiene, several s\^ntheses [8, 9] for the Zn and Cd derivatives have been published. Infrared [10, 11] and Raman [12] spectroscopy have been used [13] to suggest a linear framework for (CO)4Co-M-Co(CO)4 with D3d symmetry and this geometry has been substantiated by X-ray diffraction studies of the Zn [14] and Hg [15] complexes.
Force constant calculations [12, [16] [17] [18] on the metal-cobalt bond strengths have been performed, resulting in an ordering k(Zn-Co) > k(Cd-Co) > k(Hg-Co), which is the same as that determined by Ziegler et al. [13] using mass spectra and dissociation reactions [19, 20] . This ordering is also reflected in the stabilities of the complexes: the mercury compound is stable towards air and water [2] , but the zinc and cadmium derivatives are air-sensitive [8] .
The compounds M[Mn(CO)5]2 (M = Zn, Cd, and Hg) were first synthesized by Hieber and Schropp [21] though improved alternative syntheses are now available [22] [23] [24] , Infrared [20, 21, 23] and Raman [16, 17, 25] studies have been published, all consistent with a linear Mn-M-Mn framework with D4h or D4d symmetry. For these compounds X-ray studies have shown structures with D^ symmetry [27, 28] .
The stability trend of the manganese compounds is the same as that mentioned above for the cobalt series.
In this paper a study of the electronic structure for both series of compounds is attempted using UV Photoelectron Spectroscopy (UPS).
Experimental
The complexes were prepared according to literature methods [5, 8, 21] . All reactions were carried out under nitrogen atmosphere and all the organic solvents were purified by distillation from sodium wire. Sampling of the products was strictly carried out under nitrogen. The products were identified by FT-IR spectra.
UP spectra were recorded on a Perkin-Elmer PS 18 photoelectron spectrometer modified with a Helectros He(I)/He(Il) light source. The spectra were calibrated with respect to Ar and Xe as internal calibrants. No correction was made for analyser dependence.
Results and Discussion
Before discussing the spectra it is helpful to break down the molecules into separate moieties (M 2+ and [Co(CO)4]~ or [Mn(CO)s] -) and to discuss the relevant orbitals and their interactions. The central unit in all compounds is a formal M 2+ ion (Zn, Cd, Hg) which has no occupied valence orbitals. This ion possesses empty ns and np2 orbitals which are suitable for a-donative bonding and a closed (n -l)d 10 shell. Ionizations from these latter orbitals are typically found in the region 15-20 eV [28] . The orbitals are generally assumed to be chemically inert, with the exception of the Hg 5d-orbitals, which have, in some cases, been shown to play a role in chemical bonding [29] . These ionizations are characterized by a large increase in relative intensity upon going from He(I) to He(II) excitation.
The other units of these molecules, [Co(CO)4] _ and [Mn(CO) 5 ]~, have a formal 3d 10 and 3d 8 configuration, respectively. The Co atom is penta-coordinated (local C3v symmetry) and hence the 3d orbitals are split by the ligand field into two e and one ai combination per unit (see Fig. 1 ). The le orbitals (xz and yz) are Avell suited for backdonation to CO and will be stabilized. The ai-orbital is suitable for cr-donation to the M 2+ ion fragment. Bands arising from 3d orbitals will be characterized by their He(I)/He(II) intensity ratio.
The splitting of the 3d orbitals in the Mn atom is different (see Fig. 1 ). Here the e-and b2-orbitals (in local C4v symmetry) are suitable for n backbonding to CO, while the ungerade combination of the e orbitals is capable of ^-donation to the M 2+ ion. The ai orbital (dz2) combinations will couple with the empty M 2+ ns or np.. orbitals. These metalmetal bonds transform as g and u in the complex (in D3d and D4h, respectively).
For the CO ligand ionizations on going from He(I) to He(II) a large decrease in intensity is expected for the band corresponding to the 5 CO<r orbital (due to the C2s/2p character) and an increase in intensity is normally observed for the 1 n and 4 a bands as a result of more 02p character of these orbitals [30] , The interpretation of the spectra is now as follows:
M[Co (CO) 4y 2
All spectra exhibit two dominant bands at lowest energy followed by a less intense one between 10 and 12 eV. The first two bands are associated with nonbonding Co 3d orbitals just as for H[Co(CO)4] and H3M'Co(CO)4 (M' = Si, Ge) [31] , The separation of these two bands is almost constant for all these complexes and is the same as found for LCo(C0)4 with L = H, CH3 [31] .
In He(I) the intensity ratio of these two bands is expected to be 1:1. However, the observed intensity ratio of approximately 5:4 indicates the presence of another small ionization band underneath the lowest I. P. band. The nature of this orbital will be discussed in connection with the third I.P. band (vide infra).
In He(II) the first band looses intensity with respect to the second. This is reasonably explained by interaction of the 2e-levels ( Fig. 1 ) with 5 CO<i orbitals [32] or by interaction of the 1 e-levels with metal nd orbitals of Zn, Cd or Hg. This latter d-d interaction has been suggested by Robiette et al. [33] in order to explain the greater stability of silyl and germyl compounds R3M'Mn(CO)5 compared to the methyl analogues, a suggestion which may also hold for LCO(C0) 4 and the Co(CO)4 compounds under discussion.
The third band near 10.5 eV is assigned to ionization from the og (Co-M-Co) metal-metal molecular orbital (see Fig. 1 ). The suspected band underneath the lowest ionization band is most probably the ungerade counterpart . The assignment of the gerade metal-metal combination band is mainly based on its "broken trend", i.e. instead of a constant destabilization on going from Zn through Cd to Hg, this band destabilizes from Zn to Cd (-0.38 eV) and stabilizes from Cd to Hg ( + 0.46 eV).
This "broken trend" can be explained by taking into consideration a mass-velocity correction for the electrons near the heavy mercury nucleus. This relativistic effect gives rise to a similar "broken trend" for the first l.P.'s of the free Zn, Cd and Hg atoms [34] . As a result of the orthogonality requirement the atomic 6 s orbital of Hg and related orbitals have a significant "tail" near the nucleus. Therefore, these relativistic corrections cause more contracted and stable orbitals. The relativistic effect and its chemical consequences have been reviewed by Pyykkö [35] , In this respect we note that relativistic HFS-calculations on the systems Hg2 2+ vs Cd2 2+ , HgH+ vs CdH+, Hg 2 + vs Cd 2+ , etc. have established the relative stability of the Hg systems as direct consequence of relativistic corrections [36] [37] [38] . A similar "broken trend" has been observed by Boggess et al. [39] in He(I) PE spectra of the Zn, Cd and Hg halides, although they failed to explain it.
For the M[Co(CO)4]2 species the following bands at higher energy are found: firstly, there is a poorly resolved band at 14-16 eV containing 5 CO<r and 1 CO.-! orbitals. The He(I)/He(II) ratios confirm the assignment as given in Table I . Secondly, a sharp band at about 18 eV with large relative intensity in the He(II) spectrum is attributed to 4 C05 orbitals in agreement with the assignment of Cradock et al. [31] . The remaining band (which merges in the spectra of the Cd compound with the band due to 4 COCT ionizations) is due to (n-1) d orbitals of Zn, Cd and Hg. The assignment of these two bands (one in the spectra of the Cd compound) in this region (16-20 eV) , which are hardly visible in the He(l) spectra, will be discussed together with the assignment of the corresponding bands in the manganese complexes, vide infra.
M[Mn(CO)5]2
In the region 7-11 eV three distinct bands are detected and assigned in a similar way as described Again the third band in the spectra at about 10 eV arises from the gerade metal-metal Mn-M-Mn combination.
In contrast to the spectra of the cobalt complexes the first band at about 8 eV consists of the ungerade counterpart of this metal-metal bond only. The separation between these two less intense bands is approximately the same as deduced for the corresponding bands in the cobalt compounds. Moreover, the intensities in He(I) and He(II) of the third band in the cobalt spectra and in the manganese spectra are relatively the same.
The second band in the spectra of the manganese complexes at about 8.7 eV is broad and consists of ionization from Mn 3d orbitals with a relatively small ligand field splitting in e and b2 (local C4v symmetry). This is in good agreement with published PE spectra of LMn(CO)5 and LRe(CO)3 with L = H, CH3, X [40] [41] [42] ,
The intensities in the He(I) and He(II) spectra of this broad band, especially in the spectra of Hg[Mn(CO)5] 2 show more detail. The maximum at the lower I. P. side of this band decreases relatively to that of the higher I. P. side in the He(II) spectrum. Clearly, this is due to interactions with other orbitals. It is tempting to explain this by a strong interaction of the e(d. [27] . However, an alternative explanation involving a strong mixing of the b2 orbital with a corresponding combination of CO TI* orbitals should not be excluded.
The shifts of the ag and ou metal-metal bands and of the transition metal non-bonding 3d levels on going from Co to Mn are as expected on electronegativity arguments. The au orbital regularly destabilizes throughout the manganese series, which behaviour is also found for the virtual I. P. of the Zn, Cd, Hg np orbital [34] The spectral appearance in the region 13-18 eV is similar to that found for the cobalt series. With respect to the 1 CO.-r levels the 5 CO<j are now destabilized which results in a better separation than in the spectra of the cobalt series. In the latter series of compounds we postulate significant interaction between the filled 2e metal 3d orbitals and the 5 C0CT orbitals, which stabilizes the 5 C0<; levels. This is in agreement with the first explanation given for the He(l)/He(II) intensity changes of the 2e band (vide supra).
Several arguments can be given for the assignment of the 17 eV band in the spectra of the Mn series as well as the Co series to metal (n-1) d 10 ionizations. Firstly, this band follows also a "broken trend". This band is visible in the spcctra of the Zn and Hg compounds, but obviously merges with the 4 COff band in the spectra of the Cd compounds resulting in a larger intensity. Secondly, the intensity ratio between this band and the 4 CO<r band increases with smaller number of CO ligands, i.e. from [Mn(CO)5] to [Co(CO)4]. Thirdly, in both series the intensity of this band is greater in the Hgcompounds than in the Zn-compounds due to the heavy atom effect.
From Table I and II it is obvious that ionizations from the (n-l)d orbitals occur from lower I.P. in the manganese than in the cobalt series. This reflects the greater positive charge on Zn, Cd or Hg in the case of the Co compounds due to greater electronegativity of the [Co(CO)4] moieties with respect to that of [Mn(CO)s].
Conclusions
Using He(I)/He(II) intensity ratios and trend effects a complete assignment of the UP spectra of M[Co(CO)4]2 and M[Mn(CO)5]2 molecules (M = Zn, Cd, Hg) can be given. Two bands can be attributed to two metal-metal bands, a gerade and an ungerade combination. The former together with the band due to the (n-l)d 10 ionizations of Zn, Cd and Hg is doubtless subjected to the influence of the relativistic effect showing a "broken trend" which is a new assignment criterium. Relativistic corrections in the specific molecular orbitals on mercury have to be considered when assigning and discussing spectra of mercury compounds and these compounds show a greater relative chemical stability in both series. For the cobalt compounds a greater positive charge on Zn, Cd and Hg is found relative to that in the manganese compounds.
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